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Permselectivity of the glomerular capillary wall: III. Restricted
transport of polyanions. The clearance of albumin relative to that of
inulin is greatly exceeded by that of uncharged dextrans of the
same effective molecular radius (—36A), less than 0.01 vs. 0.20 in
normal hydropenic rats. This marked difference in fractional
clearances of albumin and neutral dextran suggests that some fac-
tor in addition to molecular size retards the transglomerular pas-
sage of albumin. Since albumin is a polyanion in physiological
solution, we tested the effect of charge on macromolecular
permeability by infusing the anionic polymer, dextran sulfate
(-2.3 sulfate groups per glucosyl residue), into seven normal
hydropenic Munich-Wistar rats. For dextran sulfate with an effec-
tive radius of 36A, the fractional clearance was reduced essential-
ly to that found for albumin (-0.0l). This enhanced restriction of
dextran sulfate, relative to neutral dextran, was also noted for
smaller and larger dextran sulfate molecules. These differences in
the transport of dextran sulfate vs. dextran suggest electrostatic
repulsion of charged macromolecules by some component of the
glomerular capillary wall, perhaps the negatively charged sialopro-
tein which coats glomerular epithelial cells. Loss of this
polyan ionic coat, as has been reported to occur in proteinuric dis-
orders, might thereby account for the enhanced transmural pas-
sage of albumin.
Permsélectivité de Ia paroi capillaire du glomérule: III. Transport
restreint des polyanions. La clearance relative de l'albumine par
rapport a celle de l'inuline est nettement inférieure a celle de dex-
trans non charges de méme rayon moléculaire effectif (36A):
moms de 0,01 contre 0,20 chez Ic rat normal hydropenique. Cette
difference importante des clearances fractionnelles de l'albumine et
du dextran neutre suggCre qu'un facteur autre que Ia taille mole-
culaire retarde le passage transglomérulaire de l'albumine. Puisque
l'albumine est un polyanion en solution physiologique nous avons
étudiC l'effet de Ia charge sur Ia perméabilité aux macromolecules
en perfusant le polymère anionique sulfate de dextran (2,3
groupes sulfate par résidu giucosyl) a 7 rats normaux Munich-
Wistar hydropéniques. La clearance fractionnelle du sulfate de
dextran de rayon effectif -36A est réduite a une valeur semblable a
celle obtenue pour l'albumine (-.0,01). Cet accroissement de Ia
restriction au passage du sulfate de dextran par rapport au dextran
neutre est observe aussi pour des molecules de sulfate de dextran
plus grandes et plus petites. Ces differences entre Ic transport du
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sulfate de dextran et du dextran neutre suggèrent une repulsion
électrostatique des macromolecules chargCes par un composant de
Ia paroi du capillaire glomérulaire, probablement Ia sialoprotCine
chargée négativement qui tapisse les cellules Cpithéliales glomCr-
ulaires. La perte de cc revêtement polyanionique, qui a été
observCe dans certaines affections comportant une protéinurie,
pourrait ainsi rendre compte de l'augmentation du passage tran.-
spariétal de I'albumine.
Small solutes such as electrolytes, glucose and urea
pass freely across capillary endothelia, whereas the
osmotic effects of the plasma proteins in regulating
the plasma volume depend on the elative inability of
these macromolecules to traverse capillary walls. In
recent studies in this laboratory, we have examined
the mechanisms responsible for the restriction to
transmural passage of macromolecules across one
particular network of capillaries, those making up the
renal glomerulus in the rat [1, 2]. Despite the very
high hydraulic permeability of these capillaries, we
have shown [2—4], as have others [5, 6], that the walls
of these capillaries almost totally restrict the passage
of serum albumin (mol wt, 69,000), the clearance of
albumin relative to that of inulin (mol wt, 5200) nor-
mally being about 0.01. For uncharged dextran (D)
of the same effective molecular radius as albumin,
—36A, dextran clearance is a much larger fraction of
the inulin clearance, however, averaging about 0.20
[2]. These findings suggest that some factor(s) in ad-
dition to molecular size retards the transglomerular
passage of albumin. One such factor, that of
macromolecular charge, has been shown by Areekul
[71 to play an important role in restricting the passage
of the nonprotein anionic polymer, dextran sulfate
(DS), relative to neutral dextran in the rabbit. Since
albumin is also a polyanion in physiological solution,
the present study was undertaken to determine the
effect of charge on glomerular permeability to
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macromolecules, by similarly comparing the
transglomerular passage of anionic dextran sulfate to
that of neutral dextran.
Methods
Animal Studies. Studies were performed on ten
male and female Munich-Wistar rats weighing 216 to
292 g and allowed free access to water and a standard
rat pellet diet.
1) Studies with dextran sulfate molecules of narrow
size distribution. Initial studies were performed to
determine whether fractional dextran sulfate (DS)
clearances obtained for the kidney as a whole
(estimated from comparison of the urine-to-plasma
water concentration ratios of various sized DS
molecules (U/P)Ds, to simultaneously measured
ratios for inulin (U/P)JN) can be equated with
clearances of these substances across single accessible
surface glomeruli. The latter clearances are given by
the corresponding Bowman's space to plasma water
ratios (BS/P)Ds/(BS/P)IN. For uncharged dextrans
(D), such equality has been demonstrated by us
previously for this strain of rats under normal
hydropenic conditions and following plasma volume
expansion [2]. It has also been shown previously [2,
8] that inulin appears in Bowman's space in the same
concentration as that measured simultaneously in
plasma water, demonstrating that inulin provides an
exact measure of the glomerular filtration rate of
water. Experiments examining the validity of
equating fractional DS clearances for a single
glomerulus with those for the kidney as a whole were
performed as follows: tritiated DS molecules of nar-
row size distribution, prepared in the manner
described previously for neutral dextrans [2] and
characterized with respect to average Stokes-Einstein
radius, were used as test solutes in three rats. A 0.4-
ml priming infusion, containing nonisotopic inulin (6
g/lOO ml) and tritiated DS (<300 mg/lOO ml, activity
0.5 mCi/ml), was injected into the left jugular vein
30 mm prior to micropuncture, followed immediately
by continuous infusion of the same solution at the
rate of 1.2 mI/hr. This infusion was continued
throughout the duration of each experiment. During
this normal hydropenic period, 15-mm urine samples
were collected from a catheter in the left ureter for
measurement of urine flow rate and inulin and DS
concentrations. During each urine collection period,
samples of fluid were also collected from accessible
Bowman's capsules for determination of inulin and
DS concentrations. At the midpoint of each urine
collection period, 100 l of blood was withdrawn
from the femoral artery for determination of DS and
inulin concentrations.
2) Studies with dextran sulfate molecules of broad
size distribution. Since it has been established
previously [2, 8] that inulin is a true marker of the
glomerular filtration rate for water in the Munich-
Wistar rat and, in the above studies, that fractional
urinary DS clearances are the same as fractional DS
clearances measured for single accessible glomeruli in
the same kidney (i.e., DS molecules are neither
secreted nor reabsorbed), justification is provided for
relying on urinary clearances to assess the permselec-
tivity characteristics for all glomeruli in a single
kidney, now using an homologous series of DS
molecules of widely varying size. These experiments
were performed in seven normal hydropenic rats in
which 0.4 ml of a solution of nonisotopic inulin in
isotonic saline (10 g/l00 ml) was infused i.v. 45 mm
prior to micropuncture, followed immediately by a
constant infusion of the same solution at the rate of
1.2 mI/hr. An isotonic saline solution (0.4 ml) con-
taining tritiated DS of broad molecular size distribu-
tion (DS concentration <300 mg/lOO ml, activity
0.3 mCi/mi) was infused i.v., followed immediately by
a constant infusion of the same solution at the rate of
1.2 mi/hr. Approximately two to three minutes after
completion of the priming injection, a continuous
collection' of blood from the femoral artery was
begun at a constant rate (1.2 ml/hr), using a con-
tinuous withdrawal pump (model 941, Harvard Ap-
paratus Co., Willis, MA). To determine the transit
time (TT) for tubule fluid to travel from Bowman's
space to the tip of the ureteral catheter, a bolus of lis-
samine green dye was injected i.v. [2]. Urine collec-
tion was initiated TT minutes (approximately two to
three minutes) following initiation of the continuous
femoral arterial blood collection and terminated TT
minutes after the end of the blood collection period.
Forty to 100 tl of the femoral arterial blood plasma
and 15 to 100 tl of the urine collected in a given
period were each mixed with 1 ml of distilled water
and 2 mg of blue dextran and chromatographed on
Sephadex Gl00. Additional aliquots of urine and
blood from each period were used for subsequent
determinations of inulin concentration, and, in the
case of femoral arterial blood, total protein con-
centration as well.
Since the glomerular transport of macromolecules
is known to be affected markedly by single nephron
glomerular filtration rate (SNGFR), and therefore by
the driving pressures and flows that determine
SNGFR [1, 2, 6, 9, 10], these driving pressures and
1 Continuous collection of blood provides a more accurate as-
sessment of the time-averaged DS concentration than do tech-
niques based on a series of collections made intermittently during
the course of an experiment.
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flows were measured in each rat. During this normal
hydropenic period, two to three exactly timed (one to
two minutes) samples of fluid were collected from
surface proximal convoluted tubules for determina-
tion of flow rate and inulin concentration and
calculation of SNGFR. In addition, samples of blood
(50 to 150 nI each) were collected from two to three
surface efferent arterioles for determination of total
protein concentration. Total protein concentrations
measured in femoral arterial plasma are considered
to be representative of concentrations in afferent
arteriolar plasma. These estimates of afferent (CA)
and efferent (CE) arteriolar protein concentration
permit calculation of afferent (IrA) and efferent (IrE)
colloid osmotic pressure, single nephron filtration
fraction (SNFF), and initial glomerular capillary
plasma flow rate (QA), using equations reported
previously [2—4]. Mean arterial pressure (AT') and
hydraulic pressures in surface glomerular capillaries
(7Gc), proximal tubules (PT), and third-order branch
peritubular capillaries (Pa) were measured using
continuous-recording, servo-null micropipet trans-
ducer techniques described in detail previously [2—7,
11].
Preparation of tritiated dext ran sulfate. Dextran
sulfate, consisting of a backbone of repeating D-
glucosyl residues, and estimated by the manufacturer
to contain an average of 2.3 sulfate groups per
glucosyl residue, was obtained from Pharmacia Fine
Chemicals, Inc., Piscataway, NJ. In the commercially
available form, DS has a weight-average molecular
weight of approximately 500,000. This commercial
preparation was hydrolyzed to obtain an ap-
propriately lower molecular weight fraction suitable
for glomerular permeability studies. Hydrolysis was
carried out by adding 1 g of DS to 18 ml of H,O + 2
ml of 1N HCI and heating to 100°C for 40 mm.
Dextran sulfate molecules of narrow size distribu-
tion were prepared by repeated fractionation of
the resulting hydrolysate, using standard gel
chromatographic techniques [12, 13]. Introduction of
the tritium label into DS molecules was performed
using the same oxidation-reduction scheme reported
by us previously [2] for neutral dextrans. Using an
anion exchange resin (Dowex 1X-8, Biorad
Laboratories, Richmond, CA), it was determined
that essentially all DS molecules were anionic [14].
Analytical methods. Methods for measurement of
tubule fluid flow rate, and inulin and total protein
concentrations in plasma and urine, are described
elsewhere [2—4]. The specific activities of the tritiated
DS molecules were determined using a liquid scintil-
lation spectrometer (model 2425, Tn Carb, Packard
Instrument Co. Inc., Downer's Grove, IL). Scintilla-
tion was produced by mixing 2 ml of aqueous sample
with 7 ml of Aquasol (New England Nuclear, Pilot
Chemicals Division, Boston, MA) and shaking to
form a stiff gel.
A detailed discussion of the chromatographic
procedures employed in this study has recently been
reported [2, 12, 13].
Results
Studies with dext ran sulfate molecules of narrow size
distribution. Table 1 presents data comparing
(BS/P)Ds/(BS/P)IN ratios with simultaneously
measured values of(U/P)Ds/(U/P)IN. As can be seen,
fractional DS clearances obtained for single surface
glomeruli from three normal hydropenic rats were es-
sentially the same as ratios measured for the kidney
as a whole. These data were obtained for DS
molecules ranging in effective radius from 17.5 to
27.5A. These findings demonstrate that in Munich-
Wistar rats, DS molecules (like uncharged D [2]) are
neither secreted nor reabsorbed by the renal tubules,
and further suggest that fractional clearances of DS
(as well as D) are homogeneous from glomerulus to
glomerulus within a single kidney.
Studies with dextran sulfate molecules of broad size
distribution. This evidence that fractional DS
clearances for the kidney as a whole provide an ac-
curate measure of DS permeation across capillaries
of a single superficial glomerulus makes it possible to
characterize the glomerular transport of DS of widely
varying molecular size in a single rat, since sufficient
quantities of blood and urine can be collected to per-
mit chromatographic separation of the polydisperse
DS into constituent narrow molecular size fractions.
Fractional DS clearance profiles can therefore be
constructed for each rat for Stokes-Einstein
molecular radii ranging from — 18 to 42A. The
relationship between the fractional clearance of DS,
given by the ratio (U/P)Ds/(U/P)JN, and effective DS
radius for rats during normal hydropenia is sum-
marized in Fig. 1. Values are expressed as means I








a DS, dextran sulfate; IN, inulin; BS/P and U/P, Bowman's spice
to plasma water and urine to plasma water concentration ratios,
respectively.
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Fig. 1. Fractional clearances of dextran sulfate and neutral dexiran.
plotted as a function of effective molecular radius. Values are ex-
pressed as means 1 SEM. Results for neutral dextran have been
reported in detail previously [2].
SEM. For comparison, the average fractional
clearance profile for neutral D recently obtained by
us [21 in seven other similarly normal hydropenic
Munich-Wistar rats is also shown. Whereas a
measured restriction to the transport of D does not
occur until the effective radius equals approximately
21 A, restriction to transport of DS is evident over the
entire range of DS radii studied. As shown in Fig. 1,
fractional DS clearances decrease progressively with
increasing molecular size, values being lower for any
given molecular size than for D. Differences between
DS and D tend to disappear at effective radii >42A,
where the fractional clearances for DS and D both
approach zero. Fractional clearances for DS
molecules of varying molecular size obtained from in-
dividual rats in the present study are shown in Table
2, together with mean values for fractional clearances
of D obtained in seven other rats, as reported in
detail elsewhere [2].
Since we employed columns containing Sephadex
G100, it was not possible to obtain accurate estimates
of effective dextran sulfate radius for molecules below
approximately 18A. For this reason, l8A is the small-
est radius given in Fig. 1 and Table 2. Nevertheless,
analysis of column eluates of blood and urine in the
regions corresponding to radii < 18A revealed that
values for the ratio (U/P)Ds/(U/P)IN approached
or reached unity in each rat. These findings suggest
that tritiated DS molecules are not bound to en-
dogenous circulating macromolecules to an extent
sufficient to account for the observed differences in
the fractional clearances of DS vs. D.
Values for body weight and kidney weight in the
seven rats studied with polydisperse DS averaged 260
10 and 0.84 g 0.02 SEM, respectively. On average,
indices of single nephron and cortical microvascular
function were typical of values reported previously
for normal hydropenic Munich-Wistar rats [2—4, 11,
15, 161. Mean values for AP and systemic hematocrit
averaged 118mm Hg 2 and 51.8 ml/100 ml, respec-
tively. SNGFR and whole kidney GFR averaged 27.6
nI/mm 1.8 and 0.82 ml/min 0.04, respectively.
These values are typical of the normal hydropenic
Table 2. Comparison of fractional dcarances of dextran sulfate vs. neutral dextran in normal hydropenic rats
Rat No. iSA 20A 22A 24A 26A 28A 30A 32A 34A 36A 38A 40A 42A
(U/P)Ds/(U/P)IN
Dextran sulfate
4 0.80 0.63 0.43 0.29 0.21 0.15 0.1! 0.075 0.05 0.03 0.015 0.005 0.00
5 0.63 0.49 0.38 0.29 0.22 0.17 0.11 0.07 0.035 0.015 0.005 0.00 0.00
6 0.55 0.38 0.24 0.16 0.10 0.06 0.035 0.02 0.01 0.005 0.005 0.00 0.00
7 0.84 0.69 0.51 0.34 0.18 0.10 0.055 0.025 0.01 0.005 0.00 0.00 0.00
8 0.79 0.57 0.40 0.26 0.17 0.11 0.065 0.035 0.02 0.01 0.005 0.00 0.00
9 0.80 0.68 0.54 0.38 0.26 0.17 0.12 0.08 0.05 0.025 0.01 0.005 0.00
10 0.75 0.59 0.42 0.29 0.19 0.13 0.08 0.06 0.04 0.025 0.015 0.005 0.00
Mean 0.74 0.58 0.42 0.29 0.19 0.13 0.08 0.05 0.03 0.015 0.01 0.00 0.00




Mean 0.99 0.99 0.97 0.92 0.83 0.69 0.55 0.42 0.30 0.19 0.11 0.06 0.03
1 SEM 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.00
(N = 7)
Pvalueb <0.001 <0.001 <0.001 <0.001 <0.00! <0.00! <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Reported in detail elsewhere [2].
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Munich-Wistar rat [2—4, 11, 15, 16], as were values
for SNFF (mean =0.41 0.04) and QA (73.4 ni/mm
12). Values for PGC, PT and P averaged 49±1, 12
0.4 and 9.0 mm_Hg 0.6, respectively; P, the
difference between PGC and PT, averaged 36.9 mm Hg
l.4.CAandCEaveraged5.l and8.7g/lOOml
0.2, respectively, corresponding to average values
for IrA and IrE of 16.2 0.4 and 36.6 mm Hg 1.4.
The magnitude of the transcapillary pressure
difference favoring ultrafiltration at afferent (zP —
IrA) and efferent (z.P — IrE) ends of the glomerular
capillary network therefore averaged 20.1 1.7 and
0.5 mm Hg 0.6, respectively. The ratio 7rE/P did
not differ significantly from unity (mean = 0.99
0.02, P > 0.5), denoting achievement of filtration
pressure equilibrium.
Discussion
In 1933, Bayliss, Tookey-Kerridge and Russell [17]
reported that in cat, dog and rabbit, proteins with
mol wt less than 68,000, injected i.v., appeared in the
urine while larger injected proteins did not. Since
then, numerous studies have shown that for proteins
of widely varying shapes and structures, fractional
protein clearance tends to decrease with increasing
molecular size, values for serum albumin normally
approaching zero in rat, dog and man (an excellent
summary of these and other pertinent data has been
provided by Renkin and Gilmore [6]). Qualitatively
similar results have also been obtained in clearance
studies employing nonprotein polymers such as dex-
tran (D) and polyvinylpyrrolidone (PVP) [2, 6, 10,
18—21]. For each of these polymers, the effect of
molecular size on glomerular transport can be
isolated, since molecular shape, chemical properties
and (for charged species such as DS) charge density
may be regarded as invariant within a graded series of
a given polymer. Of interest in regard to the present
study, comparison of fractional clearance profiles for
proteins with profiles obtained in the same species us-
ing D or PVP reveals that for a given effective
molecular radius, fractional protein clearance is less
than that for these nonprotein polymers [6, 20, 22,
23]. That this difference between proteins and non-
protein polymers is not due primarily to protein reab-
sorption by the renal tubules (an effect that would
reduce the excretion of a filtered protein and hence
lower the estimate of fractional clearance) is given by
the finding that such differences persist even when
fractional clearances are measured using fluid ob-
tained directly from Bowman's space [2]. Thus, some
factor in addition to molecular size must contribute
to the restriction to the transglomerular passage of
proteins.
The results of the present study enable us to iden-
tify molecular charge, in addition to molecular size,
as an important determinant of the permselectivity of
glomerular capillaries to macromolecules. Since both
D and DS were shown to be neither secreted nor
reabsorbed, the differences in fractional clearances of
these chemically similar polymers were not the result
of differences in transport across tubule epithelia.
Furthermore, since the measured glomerular pres-
sures and flows in the rats given DS (present study)
were virtually identical to those measured previously
in similarly normal hydropenic rats given D [2], the
different clearance profiles in Fig. 1 clearly were not
the result of alterations in SNGFR or its determi-
nants. Of particular interest, Areekul [7] has shown
that molecular charge also influences the transport of
macromolecules across the capillaries of the isolated
perfused rabbit ear. In this study the osmotic reflec-
tion coefficient of DS was found to be considerably
higher than that of D. These findings [7], together
with those of others [24—26], suggest that extrarenal
capillaries share with glomerular capillaries the
ability to restrict the transmural passage of negatively
charged macromolecules, relative to that of un-
charged polymers of comparable size.
For molecules of 36A, substitution of DS for D
in the present study was associated with a marked
reduction in the fractional clearance of DS, relative
to D, to a value essentially identical to the fractional
clearance of serum albumin (also -'36A). These
results suggest that the polyanionic property of
albumin, together with its large size, can account
almost entirely for its retention within the in-
travascular compartment and, thereby, for its os-
motic effectiveness in regulating plasma volume.
The finding that sulfate-substituted dextran
molecules are more restricted in their passage across
the glomerular capillary wall than neutral dextrans
argues for electrostatic repulsion of circulating
anionic macromolecules by some fixed, negatively
charged component of the glomerular capillary wall.
Of interest in this regard, it has recently been
demonstrated that glomerular capillary epithelial
cells are coated with highly polyanionic sialoprotein
[27, 28], which extends into and fills the epithelial slit
pores. The latter are regarded by several investigators
as the main anatomical barrier to the filtration of
plasma proteins [29]. Polycationic proteins such as
myeloperoxidase have been shown to bind strongly to
this anionic epithelial cell coat [30]. Moreover, perfu-
sion of the rat kidney with other polycationic sub-
stances such as protamine sulfate and poly-L-lysine,
presumed to cause neutralization of the anionic
charge of the sialoprotein, has been shown to be as-
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sociated with ultrastructural evidence for fusion of
glomerular epithelial foot processes, and marked nar-
rowing of epithelial slit pores [31]. Similar ultrastruc-
tural changes are commonly seen in proteinuric dis-
orders in man and animals [28, 32]. Since it has also
been shown that glomerular sialoprotein content
decreases in many of these disorders [28, 33, 34], the
possibility exists that such enhanced transglomerular
passage of plasma proteins results, at least in part,
from the ensuing loss of fixed negative charges from
the glomerular capillary wall.
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